The relation between trace element levels in drinking water and cognitive function was investigated in a population-based study of elderly residents (n = 1,016) in rural China in 1996-1997. Cognitive function was measured using a Chinese translation of the Community Screening Interview for Dementia. A mixed effects model was used to evaluate the effect of each of the elements on cognitive function while adjusting for age, sex, and educational level. Several of the elements examined had a significant effect on cognitive function when they were assessed in a univariate context. However, after adjustment for other elements, many of these results were not significant. There was a significant quadratic effect for calcium and a significant zinc-cadmium interaction. Cognitive function increased with calcium level up to a certain point and then decreased as calcium continued to increase. Zinc showed a positive relation with cognitive function at low cadmium levels but a negative relation at high levels. Am J Epidemiol 2000; 151:913-20.
In recent years, a number of studies have examined the relations between trace elements, cognitive function, and/or Alzheimer's disease. Many of these studies have involved measuring trace elements in drinking water, and most of them have focused on the effect of aluminum on cognitive function. The evidence that increased levels of aluminum in drinking water are associated with Alzheimer's disease is inconclusive at best (1, 2) . In addition to aluminum, other elements such as calcium, iron, zinc, and fluoride have been measured. Jacqmin et al. (3, 4) reported a positive association between calcium levels in drinking water and cognitive function but no association with iron and zinc. Still and Kelley (5) found lower rates of hospital admission for primary degenerative dementia (primar-ily Alzheimer's disease) in a South Carolina county with high fluoride levels as compared with two low fluoride counties.
Other studies have examined the effect of minerals on cognitive function by measuring dietary intake or blood levels. Ortega et al. (6) reported a positive relation between cognitive function and dietary intakes of zinc and iron in healthy elderly adults. In a study of blood levels of iron and zinc, Tucker et al. (7) reported that three indices of iron status (plasma iron, transferrin, and ferritin) varied in their relation to cognitive performance and that plasma zinc was not significantly correlated with cognitive performance. It has been suggested that antioxidants such as vitamin E and selenium might have a protective effect on the development of Alzheimer's disease, although findings have been mixed. A study of antioxidant supplement use (including zinc and selenium) showed, after adjustment for age, that there was no significant difference in performance on cognitive tests between antioxidant users and nonusers (8) . However, a recent analysis of data collected in the Third National Health and Nutrition Examination Survey did show a positive relation between vitamin E blood levels and cognitive function (9) . Blood lead levels, even within low levels of lead exposure, are negatively correlated with cognitive function in elderly men (10) and women (11) . Studies assessing nutritional status through either dietary intake or blood levels can provide very detailed and accurate information about current nutritional status, but they do not provide information on lifetime exposure to trace minerals.
There have also been some speculative articles on the possible relation between trace elements and the neuropathologic changes associated with Alzheimer's disease. Deibel et al. (12) reported elevated zinc and iron levels in the brains of patients who died of Alzheimer's disease as compared with normal brains, while Tully et al. (13) showed a moderate to strong negative correlation between fasting serum zinc concentrations and senile plaque counts in seven brain regions. Khachaturian (14) has proposed a calcium hypothesis which states that the cellular mechanisms for maintaining the homeostasis of cellular calcium concentration play a key role in aging.
Many trace elements have been reported to interact with each other in a biologic context. For example, lead impairs normal calcium homeostasis in cells, and low dietary calcium may increase lead levels in critical organs (15) . Experimentally, lead has been shown to increase zinc excretion (15) . Optimal iron intake can protect against lead toxicity (16) . Cadmium can interact with calcium, zinc, and iron (15) . Zinc can reduce iron uptake (16) . Whanger (17) reported a possible selenium-fluoride interaction. However, most previous studies have failed to take these interactions into account.
Studying the relation between trace elements in drinking water and cognitive function in many areas of the world is very difficult, if not impossible, for several reasons. Many people are very mobile and tend to change residences frequently throughout their lifetime. They also consume foods and beverages that were prepared and packaged in different areas of the world. In contrast, residents of rural China rarely move, and most are exposed to the same water supply throughout their lifetime. Their food and drinks come from local sources. For these reasons, rural China has been considered a perfect "living laboratory" for studying relations between various environmental factors and diseases (18) .
MATERIALS AND METHODS

Subjects
The study was carried out among two populations in the Henan and Shandong provinces of northern China in 1996-1997 as part of a study on long term fluoride exposure and bone fracture rates. Water sources within the villages in these regions were identified, and several trace elements and pH levels were measured. A complete census of all subjects over age 65 years was carried out in each village, and all residents were asked to participate in the study. A total of 1,024 subjects agreed to participate. Subjects were not systematically excluded for comorbid conditions, except for eight subjects who had extreme hearing or sight impairment which made completion of the cognitive assessment unfeasible. There were no refusals.
Trace element levels
Samples of drinking water were collected at the study sites and analyzed for nine elements: fluoride, calcium, selenium, aluminum, iron, zinc, cadmium, lead, and arsenic. The fluoride level of water was determined directly using an ion-selective electrode (Orion Research, Inc., Beverly, Massachusetts). The methods used for analysis of the other eight elements followed Chinese National Standard procedures, which were set by the Standard Department of the Chinese Academy of Preventive Medicine (19) . Water calcium and selenium levels were determined using the ethylenediaminetetraacetic acid titrimetric method and the fluorescence method, respectively, and a spectrophotometric procedure with acetic acid and ammonium acetate was used for the evaluation of aluminum in drinking water. For determination of water iron and zinc levels, flame atomic absorption spectrophotometry was employed, while levels of water cadmium and lead were analyzed using the graphite furnace atomic absorption spectrophotometry technique. The concentration of arsenic in drinking water was determined by means of the silver diethyldithiocarbamate method.
Cognitive function
Cognitive function was assessed using a slightly modified Chinese translation of the Community Screening Interview for Dementia (CSI"D"). The CSI"D" is an instrument that was originally developed and validated in a study comparing the Cree Indians in Manitoba, Canada, with Manitobans of European descent (20) . It has now been used with a high degree of reliability among Yoruba, African Americans, and Jamaicans (21) . The instrument has two parts: a cognitive and risk factor section for the subject and an interview with a relative about the daily functioning and general health of the subject. For this analysis, we used data from the cognitive assessment only. The cognitive function assessment includes items from widely used dementia instruments, including the Cambridge Mental Disorders of the Elderly Examination (22) , the Mini-Mental State Examination (23), the Dementia Rating Scale (24) , and the Comprehensive Assessment and Referral Evaluation (25) . The CSI"D" was specifically designed for use in populations with both literate and illiterate elderly persons, such as this one. A
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full description of the development of the original instrument and its reliability and validity has been published elsewhere (26) .
The cognitive assessment consists of 30 items aimed at assessing cognitive function in three areas: memory, language, and attention. In addition, there is a short story recall with 14 possible items and a naming fluency question which asks subjects to name as many foods as they can in 1 minute. The cognitive score was calculated as a simple sum of all items, including a point for each detail recalled from the story and a point for each food named in the fluency question. Possible scores range from zero to 44, plus the number of foods listed in the fluency question.
Statistical analyses
Demographic data for males versus females were compared using t tests for continuous variables and chi-squared tests for categorical variables. Spearman's correlation coefficients were calculated to examine the relations among elements. Mixed effects models were used to analyze the relation between cognitive function and trace elements. Cognitive score was the outcome variable and age, sex, and educational level (no education vs. some education) were included in the model as covariates. Water source was included as a random effect to account for the correlation between subjects sharing the same water source.
We analyzed the effects of the various trace elements in a three-step process. First, we examined each element individually in a mixed model for its effect on cognitive function (univariate analysis). Each element was tested for both a linear and a quadratic effect. Next, we tested interactions for pairs of elements which were previously reported to affect each other in a biologic context (bivariate analysis). Our third and final step was to fur- (20, 21) .
* Numbers in parentheses, standard deviation.
ther examine any interaction or main effect that was significant in the bivariate or univariate analyses. For each significant effect (univariate or bivariate), we tested the effect while adjusting for any other element that was significantly correlated with it (multivariate analysis).
RESULTS
Cognitive scores for the 1,016 subjects included in the study ranged from 12 to 77, with a mean score of 41 and a standard deviation of 9.6. The median score was 42. Basic demographic data and mean cognitive scores are presented by gender in table 1. Males and females did not differ significantly according to age. A larger percentage of females than of males had no schooling (p < 0.01), and males scored significantly higher on the cognitive function assessment (p < 0.01). Table 2 shows the distribution of trace element levels in the 20 water sources included in the study. The limits set by the US Environmental Protection Agency (EPA) (27, 28) and the National Sanitary Standards for Drinking Water in China (19) are also presented for reference. Note that there are values above the EPA limits for iron and fluoride, but all other values are within the limits. The results of analysis of the 20 water sources showed that eight of the sources had an aluminum level of 0.01 mg/liter and the other 12 sources had a level of 0.025 mg/liter. These levels are well below the EPA recommended limits. Similarly, there were only three distinct arsenic levels. Twelve sites had an arsenic level of 0.005 mg/liter, six had a level of 0.010 mg/liter, and two had a level of 0.020 mg/liter. These levels are also within the limits of the EPA water regulations. Because we had only a minimal range of levels for these two elements, we could not analyze their effect on cognitive function. We can assume that within these analyses we controlled for aluminum and arsenic.
The various trace element levels were distributed relatively evenly across the range of the data, except in the case of zinc, iron, and selenium. These three elements had one water source each which had an extremely high value, relative to the rest of the data. All analyses for these three elements were run both with and without the most extreme value included. In the cases of iron and selenium, the exclusion of the extreme value made no difference in the results and conclusions, so we chose not to exclude the extreme values. When the water source with a zinc level of 236 (Xg/liter was excluded from the analyses involving zinc, we obtained different results. Although this value was a valid data point, we chose to exclude it from the analysis. Because we had no data between 17.9 |lg/liter and 236.0 (Xg/liter, there was no way to make valid conclusions about the effect of zinc between those levels. There were 123 subjects who shared the water source with the high zinc level, and they were excluded from any analysis involving zinc.
Spearman's correlation coefficients among trace elements and pH were calculated for examination of the relations among the elements. Selenium was correlated positively with lead (r = 0.86, p < 0.01) and zinc (r = 0.63, p < 0.01) but negatively with fluoride (r = 0.81, p < 0.01) and iron (r = -0.61, p < 0.01). Fluoride was positively correlated with iron (r = 0.57, p < 0.01) and negatively correlated with zinc (r = -0.65, p < 0.01) and lead (r = -0.80, p < 0.01). Zinc was positively correlated with lead (r = 0.73, p < 0.01). Iron was negatively correlated with lead (r = -0.48, p < 0.03) and positively correlated with pH (r = 0.60, p < 0.01). None of the other correlations were significant at the 0.05 level.
Univariate analyses
The results from the analysis of individual elements are presented in table 3. Each element was tested for both a linear effect and a quadratic effect. Calcium had (20, 21) ) for each unit increase in trace element level. a significant negative quadratic effect (p < 0.01) on cognitive function after adjustment for age, sex, and education. This means that cognitive function increased as calcium level increased up to a point, and then cognitive function decreased as calcium level continued to increase. Lead had a significant positive quadratic effect {p = 0.03). As lead level increased, cognitive function decreased up to a point; then cognitive function increased as lead level continued to increase. Fluoride and iron both showed a significant positive linear relation with cognitive function {p = 0.02 and p = 0.01, respectively). Selenium and zinc each demonstrated a significant negative linear effect (p < 0.01 and/? = 0.01, respectively).
Bivariate analyses
After conducting the univariate analysis, we examined pairs of elements which were previously reported to interact with each other in a biologic context. A statistically significant interaction would indicate that the effect of one element changed depending on the level of another element. Results are presented in table 4. Interactions between cadmium and calcium, cadmium and iron, lead and calcium, lead and zinc, fluoride and selenium, and iron and zinc were not significant at the 0.05 level. There was a significant interaction between cadmium and zinc (p -0.02) after adjustment for age, sex, and educational level. At low levels of cadmium, zinc showed a positive relation with cognitive function, while at high levels of cadmium, zinc showed a negative relation. There was also a significant leadiron interaction {p = 0.02). For low levels of iron, lead had a negative relation with cognitive function, while at high levels of iron, lead had no significant effect on cognitive function. (20, 21) ) for each unit increase in trace element level.
Multivariate analyses
Because several of the elements measured in this study were strongly correlated with each other, additional analyses were carried out for effects that were significant in the univariate and bivariate analyses: fluoride, selenium, cadmium and zinc, and lead and iron. Although calcium had a significant effect, it was not significantly correlated with any of the other elements. This analysis was conducted in order to verify, to the extent we could, that any significant effect we were seeing was actually the effect of that element and was not due simply to the presence or absence of some other element. We did not include all elements in one large model, because the distribution of the element levels arising from the observational nature of the study would probably cause such a model to be statistically unstable. For example, to fit such a model, we would need sites with ranges of selenium at each level of cadmium, calcium, fluoride, iron, lead, zinc, and pH and at each combination of these elements. We would need such ranges for all combinations of all elements included in the model, which is difficult to achieve in an observational study.
Selenium was significantly correlated with iron, lead, zinc, and fluoride, so we examined the effect of selenium while adjusting for each of these elements. Results are presented in table 5, sections A, B, and C. The effect of selenium was not significant after adjustment for lead and iron (p -0.61), cadmium and zinc (p = 0.45), and fluoride (p = 0.06). These results support the conclusion that selenium does not have a significant effect on cognitive function, although the effect was significant in the univariate analysis.
Fluoride was correlated with iron, lead, selenium, and zinc. Results from the adjusted analysis for fluoride are shown in table 5, sections C, D, and E. As with selenium, the effect of fluoride was not significant when the analysis was adjusted for these other elements. Similarly, we conclude that fluoride is not significantly related to cognitive function.
Iron was correlated with fluoride and pH, and lead was correlated with fluoride, selenium, and zinc. The corresponding analyses are presented in sections A, D, F, and G of table 5. Although the iron-lead interaction remained significant after adjustment for pH, it was not significant after adjustment for the other elements that were correlated with either iron or lead.
Cadmium was not significantly correlated with any of the other elements, but zinc was correlated with fluoride, lead, and selenium. The appropriate adjusted analyses are shown in parts B, E, and F of table 5. Unlike the fluoride and selenium effects, the zinccadmium interaction remained significant even after we adjusted for the elements that were correlated with zinc.
DISCUSSION
In this Chinese population, we found that calcium had a quadratic effect on cognitive function. Jacqmin et al. had previously reported a positive relation between calcium and cognitive function (3, 4) . We also found a positive relation, but only up to calcium levels of approximately 86 mg/liter. At calcium levels greater than 86 mg/liter, the relation reversed; cognitive function decreased as calcium level increased. This relation is displayed graphically in figure 1 . We have not found any evidence that calcium levels above 86 mg/liter in drinking water are toxic. However, calcium is closely related to water hardness, and it may be an indicator of concentration of elements not measured in this study.
We also found a significant zinc-cadmium interaction, even after adjusting for other elements. Although an interaction between zinc and cadmium had been previously reported (15) , it had not been reported in the context of cognitive function. We saw that at low (20, 21) ) for each unit increase in trace element level. levels of cadmium, zinc had a positive relation with cognitive function. This agrees with results reported by Ortega et al. (6) . However, when cadmium was at high levels, zinc showed a negative relation with cognitive function. Figure 2 demonstrates this relation graphically by plotting the least squares means for cognitive score (adjusted for age, sex, and education) for groups based on cadmium level and zinc level.
In the univariate analyses, calcium, fluoride, iron, lead, selenium, and zinc all had significant effects on cognitive function. However, after adjustment for other elements and possible interactions, calcium was the only effect which remained significant. This highlights the importance of measuring multiple trace elements simultaneously, as the relation between naturally occurring levels of elements and their effect on cognition is probably very complex.
The analysis of trace elements in drinking water and their effect on cognitive function poses several difficulties. Some of these difficulties are resolved by studying a group such as rural Chinese residents. The subjects included in this study were unique in that many of them had lived in the same village for their entire lives. They also consumed almost exclusively food and beverages that were grown and prepared locally. In the areas selected for the study, we performed a complete census of people over age 65 rather than just taking a sample. We also had data on nine different trace elements, seven of which we analyzed, and pH. Because of this, we were able to examine not only the effects of individual elements but also their interactions.
Although this study of trace elements in drinking water overcame many of the obstacles that other studies of this type face, there are still a few difficulties in determining the relation between trace element levels and cognitive function. We must consider the fact that levels of elements in drinking water cannot provide allinclusive information on exposure levels. Subjects can also be exposed to trace elements through their diet and through the air. However, an extensive Chinese study of selenium and fluoride showed that element levels in water, air, and blood were highly correlated (29) . On the basis of that study, we made the assumption that trace element levels in drinking water would give information indicative of personal exposure, even though it is not all-inclusive information. This assumption, for elements other than selenium and fluoride, must be verified by future studies that have data on all exposure sources. We also assumed that these Chinese residents had lived under fairly constant environmental conditions throughout their lifetimes-specifically, that they had had the same water source throughout their lives. This may not have been true for female subjects. It is traditional for Chinese women to move to their husbands' villages after marriage. As a result, their exposure levels would have been constant over the past 40-50 years rather than over their entire lifetimes. However, the impact of marriage on the data collected from the females may have been insignificant. In these Am J Epidemiol Vol. 151, No. 9, 2000
